Context. The VUV absorption cross sections of most molecular solids present in interstellar ice mantles with the exception of H 2 O, NH 3 , and CO 2 have not been reported yet. Models of ice photoprocessing depend on the VUV absorption cross section of the ice to estimate the penetration depth and radiation dose, and in the past, gas phase cross section values were used as an approximation. Aims. We aim to estimate the VUV absorption cross section of molecular ice components. Methods. Pure ices composed of CO, H 2 O, CH 3 OH, NH 3 , or H 2 S were deposited at 8 K. The column density of the ice samples was measured in situ by infrared spectroscopy in transmittance. VUV spectra of the ice samples were collected in the 120-160 nm (10.33-7.74 eV) range using a commercial microwave-discharged hydrogen flow lamp. Results. We provide VUV absorption cross sections of the reported molecular ices. Our results agree with those previously reported for H 2 O and NH 3 ices. Vacuum-UV absorption cross section of CH 3 OH, CO, and H 2 S in solid phase are reported for the first time. H 2 S presents the highest absorption in the 120-160 nm range. Conclusions. Our method allows fast and readily available VUV spectroscopy of ices without the need to use a synchrotron beamline. We found that the ice absorption cross sections can be very different from the gas-phase values, and therefore, our data will significantly improve models that simulate the VUV photoprocessing and photodesorption of ice mantles. Photodesorption rates of pure ices, expressed in molecules per absorbed photon, can be derived from our data.
Introduction
Ice mantles in dense cloud interiors and cold circumstellar environments are composed mainly of H 2 O and other species such as CO 2 , CO, CH 4 , CH 3 OH, and NH 3 (Mumma & Charnley 2011 and ref. therein) . Some species with no permanent or induced dipole moment such as O 2 and N 2 , cannot be easily observed in the infrared, but are also expected to be present in the solid phase (e.g., Ehrenfreund & van Dishoeck 1998) . The relative to water abundances of the polar species CO, CH 3 OH, and NH 3 are between 0-100%, 1-30%, and 2-15%. In comets the abundances are 0.4-30%, 0.2-7%, 0.2-7%, and ∼ 0.12-1.4% for CO, CH 3 OH, NH 3 , and H 2 S (Mumma & Charnley 2011 and ref. therein) . We therefore included H 2 S in this study because this reduced species was detected in comets and is expected to form in ice mantles (Jiménez-Escobar & Muñoz Caro 2011) . In the coldest regions where ice mantles form, thermally induced reactions are inhibited. Therefore, irradiation processes by UV-photons or cosmic rays may play an important role in the formation of new species in the ice and contribute to the desorption of ice species to the gas phase. Cosmic rays penetrate deeper into the cloud interior than UV-photons, generating secondary UV-photons by excitation of H 2 molecules. This secondary UV-field will interact more intensively with the grain mantles than direct impact by cosmic Send offprint requests to: Gustavo A. Cruz-Diaz rays (Cecchi-Pestellini & Aiello 1992 , Chen et al. 2004 . VUV photons have the power to excite or dissociate molecules, leading to a complex chemistry in the grains. The VUV-region encloses wavelengths from 200 nm to about 100 nm, since the term extreme-ultraviolet (EUV) is often used for shorter wavelengths.
The estimation of the VUV-absorption cross sections of molecular ice components allows one to calculate the photon absorption of icy grains in that range. In addition, the VUVabsorption spectrum as a function of photon wavelength is required to study the photodesorption processes over the full photon emission energy range. Photoabsorption cross-section measurements in the VUV-region were performed for many gas phase molecules. Results for small molecules in the gas phase were summarized by Okabe (1978) , but most of these crosssection measurements for molecular bands with fine structure are severely distorted by the instrumental bandwidths (Hudson & Carter 1968) . The integrated cross sections are less affected by the instrumental widths, and approach the true cross sections as optical depth approaches zero. Therefore, the true integrated cross section can be obtained from series of data taken with different column densities (Samson & Ederer 2000) .
The lack of cross-section measurements in solids has led to the assumption that the cross sections of molecules in ice mantles were similar to the gas phase values. In recent years the VUV-absorption spectra of solid H 2 O, CH 3 OH, NH 3 , CO 2 , A&A proofs: manuscript no. Cruz-Diaz-VUV_spectroscopy_of_polar_ice_molecules O 2 , N 2 , and CH 4 were reported by Mason et al. (2006) , Kuo et al. (2007) , and Lu et al. (2008) . But the VUV-absorption cross sections were only estimated for solid H 2 O, NH 3 , and CO 2 (Mason et al. 2006) . Furthermore, all previous works have been performed using synchrotron monochromatic light as the VUVsource, scanning the measured spectral range.
In the present work, we aim to provide accurate measurements of the VUV-absorption cross sections of interstellar ice polar components including H 2 O, CH 3 OH, NH 3 , CO, and H 2 S. The use of a hydrogen VUV-lamp, commonly used in ice irradiation experiments, limits the spectroscopy to the emission range between 120 and 160 nm, but this has several advantages: the measurements are easy to perform and can be made regularly in the laboratory, without the need to use synchrotron beam time.
A second paper will be dedicated to the nonpolar molecular ice components including CO 2 , CH 4 , N 2 , and O 2 . In Sect. 2 the experimental protocol is described. Sect. 3 provides the determination of VUV-absorption cross sections for the different ice samples. The astrophysical implications are presented in Sect. 4. The conclusions are summarized in Sect. 5.
Experimental protocol
The experiments were performed using the interstellar astrochemistry chamber (ISAC), see Fig. 1 . This set-up and the standard experimental protocol were described in Muñoz Caro et al. (2010) . ISAC mainly consists of an ultra-high-vacuum (UHV) chamber, with pressure typically in the range P = 3-4.0 × 10 −11 mbar, where an ice layer made by deposition of a gas species onto a cold finger at 8 K, achieved by means of a closed-cycle helium cryostat, can be UV-irradiated. The evolution of the solid sample was monitored with in situ transmittance FTIR spectroscopy and VUV-spectroscopy. The chemical components used for the experiments described in this paper were H 2 O(liquid), triply distilled; CH 3 OH(liquid), Panreac Química S. A. 99.9%; CO(gas), Praxair 99.998%; NH 3 (gas), Praxair 99.999%; and H 2 S(gas), Praxair 99.8%. The deposited ice layer was photoprocessed with an F-type microwave-discharged hydrogen flow lamp (MDHL), from Opthos Instruments. The source has a VUV-flux of ≈ 2 × 10 14 cm −2 s −1 at the sample position, measured by CO 2 → CO actinometry, see Muñoz Caro et al. (2010) . The Evenson cavity of the lamp is refrigerated with air. The VUV-spectrum is measured routinely in situ during the irradiation experiments with the use of a McPherson 0.2-meter focal length VUV monochromator (model 234/302) with a photomultiplier tube (PMT) detector equipped with a sodium salicylate window, optimized to operate from 100-500 nm (11.27-2.47 eV), with a resolution of 0.4 nm. The characterization of the MDHL spectrum has been studied before by Chen et al. (2010) and will be discussed in more detail by Chen et al. (2013) .
The interface between the MDHL and the vacuum chamber is a MgF 2 window. The monochromator is located at the rear end of the chamber, separated by another MgF 2 window. This means that the measured background spectra, that is without an ice sample intersecting the VUV-light cone, are the result of the radiation that intersects two MgF 2 windows.
Grating corrections were made for the VUV-spectra in the range of 110-180 nm (11.27-6.88 eV). The mean photon energy was calculated for the spectrum corresponding to only one MgF 2 window intersecting the VUV-lamp emission, since that is the mean photon energy that the ice sample experiences. This one-window spectrum, displayed in Fig. 2 , was measured by directly coupling the VUV-lamp to the spectrometer with a MgF 2 window acting as the interface. The proportion of Ly-α in 110- The VUV-light intersects three MgF 2 windows before it enters the UV-spectrometer, but the emission spectrum that the ice experiences corresponds to only one MgF 2 window absorption, the one between the VUV-lamp and the ISAC main chamber. FTIR denotes the source and the detector used to perform infrared spectroscopy. QMS is the quadrupole mass spectrometer used to detect gas-phase species. PMT is the photomultiplier tube that makes the ultraviolet spectroscopy posible. 180 nm range is 5.8%, lower than the 8.4% value estimated by Chen et al. (2013) . This difference could be due to the lower transmittance of the MgF 2 window used as interface between the MDHL and the UHV-chamber, although the different position of the pressure gauge measuring the H 2 flow in the MDHL may also play a role. Fig. 2 . UV-photon flux as a function of wavelength of the MDHL in the 110 to 170 nm range estimated with the total photon flux calculated using actinometry. The spectrum corresponds to a measurement with one MgF 2 window intersecting the emitted VUV-light cone. This spectrum is the one experienced by the ice sample. The VUV-emission is dominated by the Ly-α peak (121.6 nm) and the Lyman band system. It was observed that most of the energy emitted by the VUVlamp lies below 183 nm (6.77 eV) and the MgF 2 window cutoff occurs at 114 nm (10.87 eV). The mean photon energy in the 114-180 nm (10.87-6.88 eV) range is E photon = 8.6 eV. The main emission bands are Ly-α at 121.6 nm (10.20 eV) and the molecular hydrogen bands centered on 157.8 nm (7.85 eV) and 160.8 nm (7.71 eV) for a hydrogen pressure of 0.4 mbar, see Fig. 2 .
VUV-absorption cross section of interstellar polar ice analogs
We recorded VUV-absorption spectra of pure ices composed of CO, H 2 O, CH 3 OH, NH 3 , and H 2 S. For each ice spectrum a series of three measurements was performed: i) the emission spectrum of the VUV-lamp was measured to monitor the intensity of the main emission bands, ii) the emission spectrum transmitted by the MgF 2 substrate window was measured to monitor its transmittance, and iii) the emission spectrum transmitted by the substrate window with the deposited ice on top was measured. The absorption spectrum of the ice corresponds to the spectrum of the substrate with the ice after subtracting the bare MgF 2 substrate spectrum. In addition, the column density of the ice sample was measured by FTIR in transmittance. The VUV-spectrum and the column density of the ice were therefore monitored in a single experiment for the same ice sample. This improvement allowed us to estimate the VUV-absorption cross section of the ice more accurately. The column density of the deposited ice obtained by FTIR was calculated according to the formula
where N is the column density of the ice, τ ν the optical depth of the band, dν the wavenumber differential, in cm −1 , and A is the band strength in cm molecule −1 . The integrated absorbance is equal to 0.43 × τ, where τ is the integrated optical depth of the band. The VUV-absorption cross section was estimated according to the Beer-Lambert law,
where I t (λ) is the transmitted intensity for a given wavelength λ, I 0 (λ) the incident intensity, N is an average ice column density before (N i ) and after (N f ) irradiation in cm −2 , and σ is the cross section in cm 2 . It is important to notice that the total VUV-flux value emitted by the lamp does not affect the VUV-absorption spectrum of the ice sample, since it is obtained by substracting two spectra to obtain the absorbance in the VUV.
A priori, the VUV-absorption cross section of the ice was not known. Therefore, several measurements for different values of the ice column density were performed to improve the spectroscopy. Table 1 provides the infrared-band position and the band strength used to obtain the column density of each ice component, along with the molecular dipole moment, since the latter has an effect on the intermolecular forces that operate in the ice that distinguish solid spectroscopy from gas phase spectroscopy in the IR and VUV ranges. The gas-phase cross sections published in the literature were also represented for comparison. We note that the majority of the gas-phase cross sections were performed at room temperature. The gas-phase spectrum can vary significantly when the gas sample is cooled to cryogenic temperatures, but it will still differ from the solid-phase spectrum, see Yoshino et al. (1996) and Cheng et al. (2011) . Table 1 . Infrared-band positions and strengths (A), deposited column density (N in 10 15 molec./cm 2 ) and molecular dipole moment (µ) of the samples used in this work. Error estimation in the column density is the sum of the error by the band strength, the error by thickness loss for photodesorption, and the MDHL, PMT, and multimeter stabilities. The performance of VUV-spectroscopy inevitably leads to exposure of the sample to irradiation, often causing photodestruction or photodesorption of the ice molecules to some extent during spectral acquisition (e.g., d 'Hendecourt et al. 1985 'Hendecourt et al. , 1986 Bernstein et al. 1995; Gerakines et al. 1995 Gerakines et al. , 1996 Schutte 1996; Sandford 1996; Muñoz Caro et al. 2003 Dartois 2009; Öberg et al. 2009b,c,d; Fillion et al. 2012; Fayolle et al. 2011, 2013, and ref. therein) . Photoproduction of new compounds and the decrease of the starting ice column density was monitored by IR spectroscopy. Photodesorption was less intense for the reported species except for CO, in line with the previous works mentioned above; it will also contribute to the decrease of the column density of the ice during irradiation. Photoproduct formation of new compounds is different for each molecule. No photoproducts were detected after the 9 min VUV exposure required for VUV-spectroscopy, except for CH 3 OH ice, where product formation was 2%, 6%, 7%, and 8% for CO 2 , CH 4 , CO, and H 2 CO relative to the initial CH 3 OH column density estimated by IR spectroscopy. But the VUV-absorption spectrum of CH 3 OH was not significantly affected, cf Kuo et al. (2007) . Indeed, we show below that the discrete bands of the CO photoproduced in the CH 3 OH ice matrix, with an intrinsic absorption higher than methanol in the VUV, are absent from the VUVabsorption spectrum.
Error values for the column density in Table 1 result mainly from the selection of the baseline for integration of the IR absorption band and the decrease of the ice column density due to VUV-irradiation during spectral acquisition. The band strengths were adapted from the literature, and their error estimates are no more than 10 % of the reported values (Richey & Gerakines 2012) . The solid H 2 O band strength in Table 1 was estimated by us using interference fringes in the infrared spectrum for a density of 0.94 g cm −3 and a refractive index of 1.3. This estimation gives a value of 1.7 ± 0.2 ×10 −16 cm molec −1 , different from the Hagen et al. (1985) value (2 ×10 −16 cm molec −1 ). The errors in the column density determined by IR spectroscopy were 16%, 15%, 23%, 19 %, and 32% for solid CO, H 2 O, CH 3 OH, NH 3 , and H 2 S ices. The MDHL, photomultiplier tube (PMT), and multimeter stabilities lead to an estimated error of about 6% in the values of the VUV-absorption cross sections of the ices. The largest error corresponds to H 2 S ice, the most VUV photoactive molecule studied in this work. It presents a high photodestruction (Jiménez-Escobar & Muñoz Caro 2011), which leads to a fast decrease in its IR feature. Therefore, VUV-absorption Article number, page 3 of 10 A&A proofs: manuscript no. Cruz-Diaz-VUV_spectroscopy_of_polar_ice_molecules cross-section errors result from the error values estimated above, using the expression
The VUV-absorption cross-section spectra of CO, H 2 O, CH 3 OH, and NH 3 ices were fitted with Gaussian profiles using the band positions reported in the literature (Lu et al. 2005 (Lu et al. , 2008 Kuo et al. 2007 ) as a starting point, see the red traces in Figs. 3, 4, 5, and 6. Table 2 summarizes the Gaussian profile parameters used to fit the spectra of these ices, deposited at 8 K. H 2 S ice displays only a slightly decreasing absorption at longer wavelengths, and Gaussian deconvolution is thus not pertinent. Gaussian fits of the reported molecules were made with an inhouse IDL code. The fits reproduce the VUV-absorption crosssection spectra well. 
Solid carbon monoxide
The ground state of CO is X 1 Σ + and its bond energy is E b (C-O) = 11.09 eV (Okabe 1978) . Fig. 3 displays the CO fourth positive band system; it is attributed to the A 1 Π ← X 1 Σ + system. Table 3 summarizes the transition, band position, and area of each feature at 8 K. We were able to observe twelve bands identified as (0,0) to (11, 0) where the (0,0), (1,0), and (2,0) bands present a Davydov splitting, in agreement with Mason et al. (2006) , Lu et al. (2005) , and Brith & Schnepp (1965) . Like Mason et al. (2006) , we were unable to observe the (12,0) transition reported by Brith & Schnepp (1965) and Lu et al. (2005) , because of the low intensity of this feature. We detected part of the transitions to the excited Rydberg states, B 1 Σ + , C 1 Σ + , and E 1 Π measured by Lu et al. (2005) as a broad band in the 116-121 nm (10.68-10.25 eV) region, despite the decreasing VUV-flux in this region.
The average VUV-absorption cross section has a value of 4.7 Table  4 summarizes the transition, band position, and area of each feature present in the CO gas-phase spectrum (blue trace in Fig. 3 ) adapted from Lee & Guest (1981) . The VUV-absorption cross section of CO in the gas phase has an average value of 20.7 × 10 −18 cm 2 . Based on Lee & Guest (1981) , the estimated total integrated VUV-absorption cross section, 2.3 × 10 −16 cm 2 nm, is larger than the CO ice value, 1.5 ± 0.1 × 10 −16 cm 2 nm. Similar to solid CO, the VUV-absorption cross section of CO gas is very low at 121.6 nm. There are no data available at 157.8 and 160.8 nm, but the absorption is expected to be very low or zero because the first transition (ν 0 ) is centered on 154.5 nm. Fig. 3 . VUV-absorption cross section as a function of photon wavelength (bottom X-axis) and VUV-photon energy (top X-axis) of pure CO ice deposited at 8 K, black solid trace. The blue dashed trace is the VUV-absorption cross-section spectrum of CO gas (divided by a factor of 40 to compare it with CO ice) adapted from Lee & Guest (1981) . The fit, red dashed-dotted trace, is the sum of 15 Gaussians, dotted trace. It has been vertically offset for clarity.
Solid water
The ground state and bond energy of H 2 O areX 1 A 1 and E b (H-OH) = 5.1 eV (Okabe 1978) .
The VUV-absorption cross-section spectrum of H 2 O ice is displayed in Fig. 4 . The spectral profile is similar to those reported by Lu et al. (2008) and Mason et al. (2006) . The band between 132-163 nm is centered on 142 nm (8.73 eV), in agreement with Lu et al. (2008) and Mason et al. (2006) . This band is attributed to the 4a 1 :Ã 1 B 1 ← 1b 1 :X 1 A 1 transition. The VUVabsorption cross section reaches a value of 6.0
at this peak, which coincides with the spectrum displayed in Fig.  3 of Mason et al. (2006) . The H 2 O ice spectrum of Lu et al. (2008) presents a local minimum at 132 nm, also visible in Table 3 . Transitions observed in the VUV-absorption cross-section spectrum of pure CO ice, deposited at 8 K, in the 115-170 nm range. The peak positions agree with previous works, see Mason et al. (2006) , Lu et al. (2005) , and Brith & Schnepp (1965 Table 4 . Transitions observed in the VUV-absorption cross-section spectrum of pure CO gas based on data adapted from Lee & Guest (1981) . −0.05 × 10 −18 cm 2 . Gas-phase data from Mota et al. (2005) were adapted for comparison with our solid-phase data, see Fig. 4 . Gas and ice data were previously compared by Mason et al. (2006) . The VUV-absorption cross section of H 2 O in the gas phase has an average value of 3.1 × 10 −18 cm 2 . H 2 O gas data were integrated in the 120-182 nm range, giving a value for the VUV-absorption cross section of 2.3 × 10 −16 cm 2 nm (1.4 × 10 −17 cm 2 eV), which is higher than the VUV-absorption cross section of solid H 2 O. The VUVabsorption cross sections of H 2 O gas at 121.6, 157.8, and 160.8 nm are 13.6 × 10 −18 cm 2 , 3.2 × 10 −18 cm 2 , and 4.1 × 10 −18 cm 2 , which is also higher than the solid-phase measurements. Fig. 4 . VUV-absorption cross section as a function of photon wavelength (bottom X-axis) and VUV-photon energy (top X-axis) of pure H 2 O ice deposited at 8 K, black solid trace. The blue dashed trace is the VUV-absorption cross-section spectrum of gas phase H 2 O taken from Mota et al. (2005) . The fit, red dashed-dotted trace, is the sum of three Gaussians, dotted trace. It has been vertically offset for clarity.
Solid methanol
The ground state and bond energy of CH 3 OH are X 1 A' and E b (H-CH 2 OH) = 4.0 eV (Darwent 1970 ). Fig. 5 shows the VUV-absorption cross section of CH 3 OH as a function of wavelength and photon energy. The spectrum profile is similar to the one reported by Kuo et al. (2007) , a decreasing continuum for longer wavelengths without distinct local maximum. These authors found three possible broad bands centered on 147 nm (8.43 eV), 118 nm (10.50 eV), and 106 nm (11.68 eV), the latter is beyond our spectral range. We observed the 147 nm peak (associated to the 2 1 A" ← X 1 A' molecular transition) as well as part of the 118 nm band ( corresponding to the 3 1 A" ← X 1 A' molecular transition), but due to the decreasing VUV-flux below 120 nm it was not possible to confirm the exact position of this peak.
The average and the total integrated VUV-absorption cross sections of solid CH 3 OH are 4.4 Nee et al. (1985) were used for comparison with our solid-phase spectrum, see Fig. 5 . Pure gas and solid CH 3 OH, and CH 3 OH in Ar or Kr matrices were compared by Kuo et al. (2007) . CH 3 OH gas has a vibrational peak profile throughtout the 120-173 nm range, which is absent from in CH 3 OH ice. The VUV-absorption cross section of CH 3 OH in the gas phase has an average value of 8.9 × 10 −18 cm 2 . CH 3 OH gas data were integrated in the 120-173 nm range, giving a value for the VUVabsorption cross section of 3.7 × 10 −16 cm 2 nm (2.5 × 10 −17 cm 2 eV), which is higher than the VUV-absorption cross section (2.7 +0.2 −0.4 × 10 −16 cm 2 nm) for solid CH 3 OH. The VUV-absorption cross sections of CH 3 OH gas at 121.6 nm, 157.8, and 160.8 nm are 13.2 × 10 −18 cm 2 , 9.9 × 10 −18 cm 2 , and 8.6 × 10 −18 cm 2 , which are also higher than the ice-phase measurements. 5 . VUV-absorption cross section as a function of photon wavelength (bottom X-axis) and VUV-photon energy (top X-axis) of pure CH 3 OH ice deposited at 8 K, black solid trace. The blue dashed trace is the VUV-absorption cross-section spectrum of gas phase CH 3 OH adapted from Nee et al. (1985) . The fit, red dashed-dotted trace, is the sum of two Gaussians, dotted trace. It has been vertically offset for clarity.
Solid ammonia
The ground state of NH 3 isX 1 A 1 and its bond energy is E b (H-NH 2 ) = 4.4 eV (Okabe 1978) . Fig. 6 displays the VUV-absorption cross section of NH 3 as a function of the photon wavelength and photon energy. It presents a continuum with two broad absorption bands between 120-151 nm (10.33-8.21 eV) and 151-163 nm (8.21-7.60 eV) in this wavelength region, without narrow bands associated to vibrational structure. Mason et al. (2006) found a broad band centered on 177 nm (7.00 eV) in the 146-225 nm (5.50-8.50 eV) spectral range. Lu et al. (2008) observed the same feature centered on 179 nm (6.94 eV). We observed only a portion of this feature because of the low VUV-flux of the MDHL in the 163-180 nm (7.60-6.88 eV) spectral range. This band is associated to the Ã 1 A 2 " ←X 1 A 1 molecular transition. The minimum we observed at 151 nm (8.21 eV) is the same as in the above-cited works. At this minimum, the VUV-absorption cross section reaches a value of 3.3 ± 0.2 × 10 −18 cm 2 , higher than the 1.9 × 10 −18 cm 2 value reported in Fig. 10 of Mason et al. (2006) . We also obtained a higher value at 128.4 nm (9.65 eV), 8.1 ± 0.5 × 10 −18 cm 2 compared with 3.8 × 10 −18 cm 2 by Mason et al. (2006) . This difference is most likely due to the different method employed to estimate the ice column density, infrared spectroscopy or laser interferometry. In addition, a broad band centered on 121.2 nm (10.23 eV) was observed, in agreement with Lu et al. (2008) , probably associated to theB ←X molecular transition.
The average and the total integrated VUV-absorption cross sections of solid NH 3 are 4.0 −0.5 × 10 −18 cm 2 . Gas-phase data from Cheng et al. (2006) and Wu et al. (2007) were adapted, see Fig. 5 . At least qualitatively, our result is compatible with Mason et al. (2006) . The VUV-absorption cross section of NH 3 in the gas phase has an average value of 6.1 × 10 −18 cm 2 . NH 3 gas data were integrated in the 120-161 nm range, giving a value of 2.5 × 10 −16 cm 2 nm (1.8× 10 −17 cm 2 eV), slightly higher than the VUV-absorption cross section of solid NH 3 (2.2 +0.2 −0.3 × 10 −16 cm 2 nm). The VUV-absorption cross sections of NH 3 gas at 121.6, 157.8 and 160.8 nm are 9.8 × 10 −18 cm 2 , 0.1 × 10 −18 cm 2 , and 0.3 × 10 −18 cm 2 ; these values are lower than the ice-phase measurements, except for the Ly-α photon wavelength (121.6 nm). Fig. 6 . VUV-absorption cross section as a function of photon wavelength (bottom X-axis) and VUV-photon energy (top X-axis) of pure NH 3 ice deposited at 8 K, black solid trace. The blue dashed trace is the VUV-absorption cross-section spectrum of gas phase NH 3 adapted from Cheng et al. (2006) and Wu et al. (2007) . The fit, red dashed-dotted trace, is the sum of two Gaussians, dotted trace. It has been vertically offset for clarity.
Solid hydrogen sulfide
The ground state and bond energy of H 2 S areX 1 A 1 and E b (H-SH) = 3.91 eV (Okabe 1978) . Fig. 7 shows the VUV-absorption cross section of H 2 S as a function of the wavelength and photon energy. Owing to the high VUV-absorption of solid H 2 S, very thin ice samples were deposited to obtain a proper VUV-spectrum. H 2 S gas has a nearly constant VUV-absorption cross section in the 120-150 nm (10.33-8.26 eV) range, between 150-180 nm (8.26-6.88 eV) it decreases, and in the 180-250 nm (6.88-4.95 eV) region it presents a maximum at 187 nm (6.63 eV), see Okabe (1978) . The VUV-absorption cross section of H 2 S is almost constant in the 120-143 nm (10.33-8.67 eV) range and decreases in the 143-173 nm (8.67-7.16 eV) range, with a maximum at 200 nm (6.19 eV) according to Feng et al. (1999) . The 1 B 1 ← 1 A 1 molecular transition was identified at 139.1 nm (8.91 eV) by Price & Simpson (1938) and confirmed by Gallo & Innes (1975) .
The total integrated VUV-absorption cross section of H 2 S ice has a value of 1.5 −17 cm 2 . Gas-phase data from Feng et al. (1999) were adapted, see Fig. 7 . The spectrum of the solid is almost constant, only a slight decrease is observed as the wavelength increases. The gas-phase spectrum presents an abrupt decrease in the cross section starting near 140 nm, according to Feng et al. (1999) . In contrast to the Okabe (1978) data, this spectrum of the gas shows no vibrational structure, probably because of its low resolution. The average VUV-absorption cross section of H 2 S gas reported by Feng et al. (1999) , 3.1 × 10 −17 cm 2 , disagrees by one order of magnitude with the 3-4 × 10 −18 cm 2 value of Okabe (1978) . We estimated a value of 3.9 +0.3 −0.9 × 10 −17 cm 2 for the solid in the same range, which is close to the Feng et al.
(1999) gas-phase value. H 2 S gas data were integrated in the 120-160 nm range, giving a value of 10.2 × 10 −16 cm 2 nm (8.0 × 10 −17 cm 2 eV), which is lower than the VUV-absorption cross section of solid H 2 S. The VUV-absorption cross sections of H 2 S gas at 121.6, 157.8, and 160.8 nm are 31.0 × 10 −18 cm 2 , 7.9 × 10 −18 cm 2 , and 4.9 × 10 −18 cm 2 , which are also lower than the solid-phase values reported above. Fig. 7 . VUV-absorption cross section as a function of wavelength (bottom X-axis) and photon energy (top X-axis) of pure H 2 S ice deposited at 8 K, black trace. The blue trace is the VUV-absorption cross-section spectrum of gas phase H 2 S adapted from Feng et al. (1999) 3.6. Comparison between all the ice species Fig. 8 shows a comparison of the VUV-absorption cross section for all the ice species deposited at 8 K, represented in the same linear scale. The most absorbing molecule is H 2 S. H 2 O has the lowest average absorption in this range. All the represented species absorb VUV-light significantly in the 120-163 nm (10.33-7.60 eV) range, only the CO absorption is negligible at the Ly-α wavelength. Except for CO, the absorption of the reported ice species in the H 2 molecular emission region between 157-161 nm is lower than the Ly-α absorption. Table 5 summarizes the comparison between the VUV-absorption cross sections of all the species in the gas and solid phase.
Astrophysical implications
Far-ultraviolet observations of IC 63, an emission/reflection nebula illuminated by the B0.5 IV star γCas, with the Hopkins Ultraviolet Telescope (HUT) on the central nebular position, have revealed a VUV-emission spectrum very similar to the spectrum of our VUV-lamp, see Fig. 4 of France et al. (2005) , which means that the VUV-spectrum that interacts with the ice sample mimicks the molecular hydrogen photoexcitation observed toward this photodissociation region (PDR) in the local interstellar medium. This spectrum is similar to that emitted by the MDHL with a H 2 pressure of 0.2 mbar.
Ice mantle build-up takes place in cold environments such as dark cloud interiors, where the radiation acting on dust grains Fig. 8 . VUV-absorption cross section as a function of wavelength (bottom x-axis) and photon energy (top x-axis) of all the pure ice species studied in this work, deposited at 8 K.
is the secondary UV field produced by cosmic ray ionization of H 2 . These are the conditions mimicked in our experiments: low density and low temperature, and UV photons impinging on ice mantles. The secondary UV field calculated by Gredel et al. (1989) is very similar to the emission spectrum of our lamp, see Fig. 9 , except for photons with wavelengths shorter than about 114 nm, which are not transmitted by the MgF 2 window used as interface between the MDHL and the ISAC set-up. Fig. 9 . Calculated spectrum of ultraviolet photons created in the interior of dense molecular clouds by impact excitation of molecular hydrogen by cosmic ray ionization, adapted from Gredel et al. (1989) , in the background. VUV-emission spectrum of the MDHL used in this work, red foreground trace.
The reported VUV-absorption cross sections allow a more quantitative study of photon absorption in ice mantles. Based on our data, the VUV-light reaching an interstellar ice mantle must have an energy higher than 7.00, 7.60, and 7.08 eV, to be absorbed by solid CO, H 2 O, and CH 3 OH, respectively. The full absorption spectrum in the VUV measured by other authors provides an absorption threshold above 6.20 and 5.16 eV for NH 3 and H 2 S, respectively, see Mason et al. (2006) and Feng et al. (1999) . Table 5 . Comparison between the VUV-absorption cross sections in the 120-160 nm range of all the pure species in the gas and solid (deposited at 8 K) phase. Total Int. is the total integrated VUV-absorption cross section in this range, Avg. is the average VUV-absorption cross section. Ly-α and LBS are the average VUV-absorption cross sections in the 120.8-122.6 nm and 132-162 nm range normalized by the photon flux. The last three columns are the VUV-absorption cross sections at wavelengths 121.6 nm (corresponding to the maximum intensity of the Ly-α peak), 157.8 and 160.8 nm (main peaks of the Lyman band system). The ice penetration depth of photons with a given wavelength, or the equivalent absorbing ice column density of a species in the solid phase, can be calculated from the VUVabsorption cross section following Eq. 2. Table 6 summarizes the penetration depth of the ice species for an absorbed photon flux of 95% and 99% using the cross section value at Ly-α, the average value of the cross section in the 120-160 nm range, and the maximum value of the cross section in the same range. Table 6 . Penetration depth, expressed as absorbing column density, of the different pure ice species deposited at 8 K, corresponding to an absorbed photon flux of 95% and 99%. Ly-α corresponds to the cross section at the Ly-α wavelength, 121.6 nm; in the case of CO, the upper limit in the cross section leads to a lower limit in the absorbing column density. Avg. corresponds to the average value of the cross section in the 120-160 nm range. Max. corresponds to the maximum value of the cross section in the same wavelength range. Errors in the penetration depth correspond to those estimated for the VUV-absorption cross sections of the different ices. The VUV-absorption of ice mantles is low compared with that of the dust grain cores, and therefore difficult to observe directly, but it is an essential parameter quantitatively for studing the photoprocessing and photodesorption of molecular species in the ice mantle. The desorbing photoproducts can be detected in observations of the gas phase. The reported measurements of the cross sections are thus needed to estimate the absorption of icy grain mantles in the photon range where molecules are photodissociated or photodesorbed, which often leads to the formation of photoproducts. These results can be used as input in models that predict the processing of ice mantles that are exposed to an interstellar VUV-field. They can be used, for instance, to predict the gas phase abundances of molecules photodesorbed from the ice mantles, as we discuss below.
There is a clear correspondence between the photodesorption rates of CO ice measured at different photon energies (Fayolle et al. 2011 ) and the VUV-absorption spectrum of CO ice (Lu et al. 2009, this work) for the same photon energies. This indicates that photodesorption of some ice species like CO and N 2 is mainly driven by a desorption induced by electronic transition (DIET) process (Fayolle et al. 2011; . The lowest photodesorption reported by Fayolle et al. (2011) at the Ly-α wavelength (121.6 nm) is <6 × 10 −3 molecules per incident photon, coinciding with the low VUV-absorption at this wavelength in Fig. 3 , and the maximum in the photodesorption occurs approximately at ∼ 151.2 nm, near the most intense VUV-absorption band, see 
where
and ∆N is the column density decrease for a given irradiation time in molecules cm −2 s −1 , I 0 is the total photon flux emitted (Fayolle et al. 2011 reports ∼ 1.7 × 10 14 photons cm −2 s −1 , in our experiments ∼ 2.0 × 10 14 photons cm −2 s −1 ), I abs is the total photon flux absorbed by the ice, I 0 (λ) is the photon flux emitted at wavelength λ, σ(λ) is the VUV absorption cross section at the same wavelength, and N is the column density of the ice sample. Fayolle et al. (2011) reported R inc ph−des = 5 × 10 −2 molecules per incident photon for monochromatic ∼ 8.2 eV light irradiation of a 9-10 ML ice column density of CO. We also estimated the value of R inc.
ph−des in our CO irradiation experiment using the MDHL continuum emission source with an average photon energy of 8.6 eV; this gave a value of 5.1 ± 0.2 × 10 −2 for an ice column density of 223 ML, in agreement with Muñoz Caro et al. (2010) . Therefore, similar values of R inc ph−des are obtained using either, monochromatic or continuum emission sources, provided that the photon energy of the former is near the average photon energy of the latter, this is discussed below. Using Eq. 4, we estimated the R abs ph−des values in both experiments; they are summarized in Table 7 for a column density of 5 ML (only the photons absorbed in the top 5 ± 1 ML participate in the photodesorption) for three monochromatic photon energies in the Fayolle et al. (2011) work, selected to coincide with Lyman-α (10.2 eV), the maximum cross section (9.2 eV energy), and the monochromatic energy of 8.2 eV, that is, the one closer to the average photon energy of the MDHL at 8.6 eV. Table 7 . VUV-absorption cross sections for different irradiation energies. R inc values correspond to Fayolle et al. (2011) , except for 8.6 eV, which is the average photon energy of our MDHL and the corresponding value of the cross section is the average VUV-absorption cross section of pure CO ice, deposited at 8 K, in the 120-160 nm range. R 4.7 × 10 −18 5.1 ± 0.2 × 10 −2 2.5 ± 0.1 †Peak yield value at ∼ 8.2 eV, see Fayolle et al. (2011). Irradiation of CO ice using our VUV-lamp, with a broadband energy distribution and mean energy of ∼ 8.6 eV, gives similar R inc ph−des values, but different R abs ph−des values than irradiation with a ∼ 8.2 eV energy monochromatic light source (Fayolle et al. 2011 ). This suggests that in this particular case, the photodesorption rate per incident photon does not depend much on the photon energy distribution, but this coincidence is only by chance, since the corresponding R abs ph−des values differ significantly.
The properties of individual molecular componentes of interstellar ice analogs have been studied over the years (e.g., Sandford et al. 1988; Sandford & Allamandola 1990; Gerakines et al. 1996; Escribano et al. 2013) . Our VUV-absorption spectra can be directly applied to astrophysical icy environments practically made of a single compound, for example, either CO 2 or H 2 O largely dominate the composition of different regions at the south pole of Mars (Bibring et al. 2004 ). Nevertheless, interstellar ice mantles are either thought to be a mixture of different species or to present a layered structure (e.g., Gerakines et al. 1995 , Dartois et al. 1999 , Pontoppidan et al. 2008 , Öberg et al. 2011 , Kim et al. 2012 . Our study on pure ices can be used to estimate the absorption of multilayered ice mantles, but a priori, it cannot be extrapolated to ice mixtures. A follow-up of this work will include ice mixtures and VUVspectroscopy at ice temperatures above 8 K.
Conclusions
Several conclusions can be drawn from our experimental work; they are summarized as follows:
-The combination of infrared (FTIR) spectroscopy in transmission for measuring the deposited ice column density and VUV-spectroscopy allowed us to determine more accurate VUV-absorption cross-section values of interstellar ice analogs with an error within 16 %, 15 %, 23 %, 19 %, and 32 % for CO, H 2 O, CH 3 OH, NH 3 , and H 2 S. The errors are mainly caused by the ice column density decrease due to VUV-irradiation during VUV spectral acquisition.
-For the first time, the VUV-absorption cross sections of CO, CH 3 OH and H 2 S were measured for the solid phase, with average VUV-absorption cross sections of 4.7 −0.7 × 10 −18 cm 2 , see Fig. 8 . But H 2 S ice, which also displays a continuum spectrum, presents about four times more absorption than the other molecules in the same VUV range.
-Solid CO displays discrete VUV-absorption bands and very low absorption at the Ly-α wavelength. But the other solid samples present high absorption at the Ly-α wavelength.
-For the H 2 O, CH 3 OH, and NH 3 species, the VUV-absorption range and the total integrated VUV-absorption cross section in the gas phase is larger than the solid phase. An exception is H 2 S.
-The main emission peaks of the MDHL occur at 121.6 nm (Lyman-α), 157.8 nm and 160.8 nm (molecular H 2 bands), see Fig. 2 . It is still a common mistake in the molecular astrophysics community to consider the MDHL as a pure Ly-α photon source. As we mentioned, the lamp VUV-spectrum affects the photochemistry but not the VUV-spectroscopy in a direct way, since the VUV-emission spectrum was subtracted to measure the ice absorption in the same energy range.
-Monitoring of the photon energy distribution and the stability of the irradiation source is important for studing ice photoprocesses.
-The results are satisfactory and demonstrate the viability of the MDHL, which commonly used in irradiation experiments, as a source for VUV spectroscopy of solid samples. This method to perform VUV-spectroscopy does not require a synchrotron facility and can be used routinely in the laboratory.
A&A proofs: manuscript no. Cruz-Diaz-VUV_spectroscopy_of_polar_ice_molecules -Our estimates of the VUV-absorption cross sections of polar ice molecules can be used as input in models that simulate the photoprocessing of ice mantles present in cold environments, such as dense cloud interiors and circumstellar regions. The data reported in this paper can be applied to estimate the absorption of layered ice mantles, but not to ices built up with different species that are intimately mixed.
